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Antibody—-drug conjugates (ADCs) are emerging therapeutic agents in the treatment of cancer, and
various conjugation strategies and chemical linkers have been developed to efficiently construct ADCs.
Despite previous extensive efforts for improving conjugation efficiency and ADC homogeneity, most ADC
linkers developed to date load only single payloads. Branched linkers that can load multiple payload mole-
cules have yet to be fully explored. It is logical to envisage that a multi-loading strategy allows for increase
in drug-to-antibody ratio (DAR) with less chemical or enzymatic modification to the antibody structure
compared to traditional linear linkers, leading to efficient ADC construction, minimal destabilization of the
antibody structure, and enhanced ADC efficacy. Herein, we report that the branched linkers we designed
can be quantitatively installed on an anti-HER2 monoclonal antibody by microbial transglutaminase
(MTGase)-mediated conjugation without impairing its antigen binding affinity, enabling modular installa-
tion of payload molecules and construction of homogeneous ADCs with increased DARs (up to 8). An
anti-HER2 antibody—monomethyl auristatin F conjugate constructed using our branched linkers showed
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greater in vitro cytotoxicity against HER2-expressing breast cancer cell lines than that consisting of linear
linkers, demonstrating the effectiveness of the branched linker-based payload delivery. Our finding
demonstrates that enzymatic ADC construction using branched linkers is a promising strategy, which may

rsc.li/obc lead to innovative cancer therapeutics.

tive delivery of cytotoxic payloads to target cancer cells through
antibody-antigen interaction and following internalization,

Introduction

Chemotherapy is one of the major clinical options in treat-
ment of cancer, especially leukemia.! Although extensive
studies have led to improved chemotherapeutic regimens,
severe side effects derived from off-target cytotoxicity of
chemotherapeutic agents often result in the deterioration of a
patient’s quality of life and discontinuation of treatment.
Antibody-drug conjugates (ADCs), therapeutic monoclonal
antibodies tethered to highly cytotoxic molecules (payloads)
through chemical linkers, have emerged as a promising thera-
peutic format that can circumvent such issues in cancer
chemotherapy.>™ This molecular platform enables the selec-
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resulting in a broader therapeutic window compared to the
use of chemotherapeutic agents alone.” Long circulation life,
preferable biodistribution and pharmacokinetic (PK) profiles
of ADCs are also advantageous features from a drug develop-
ment perspective. Indeed, two ADCs have been approved by
the Food and Drug Administration (FDA): Adcetris®, for the
treatment of CD30-positive relapsed or refractory Hodgkin’s
lymphoma and systemic anaplastic large cell lymphoma;®’
and Kadcyla®, for the treatment of human epidermal growth
factor receptor 2 (HER2)-positive breast cancer.®® In addition,
more than 60 ADCs are in clinical trials as of 2016.%"°
Conjugation methods and chemical linkers are crucial
factors determining the PK and stability profiles of ADCs.""
Traditional conjugation methods are lysine-amide coupling
and cysteine-maleimide coupling, which are employed for pre-
paring the FDA-approved Adcetris® and Kadcyla®.'>"* While
simple and most frequently used, these methods yield ADCs
that differ in conjugation sites and drug-to-antibody ratios
(DARSs). Such heterogeneous ADCs often suffer from increased
clearance rates’*'® and require strictly controlled production
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to minimize DAR variation.'® To overcome this problem, site-
specific conjugations have emerged as a means to construct
homogeneous ADCs. Junutula and co-workers reported the
THIOMARB technology that utilizes two cysteine residues incor-
porated by genetic engineering for linker conjugation to give
ADCs with defined DARs.'”” ADCs obtained by this method
showed improved PK profiles and in vivo efficacy compared to
heterogeneous ADCs prepared by the traditional cysteine-
maleimide coupling. Since then, other methods for construct-
ing homogeneous ADCs including cysteine rebridging,'®>'
incorporation of non-natural amino acids,”>> and (chemo)
enzymatic approaches**° have been developed. Schibli and
co-workers reported an antibody-linker conjugation method
using a microbial transglutaminase (MTGase). Through
MTGase-mediated transpeptidation, this method covalently
tethers ADC linkers containing terminal primary amines to the
side chain of glutamine 295 (Q295) of the human IgG heavy
chain (Fig. 1).*! In addition to use for ADC construction, this
method has been utilized for the modification of other classes
of proteins with various organic compounds, including
DNA'32736

Despite extensive efforts for improving conjugation
efficiency and ADC homogeneity, most ADC linkers developed
to date load only single payloads. Branched linkers that can
load multiple payload molecules have yet to be fully explored.
A multi-loading strategy allows for the increase in DAR with
less chemical or enzymatic modification to the antibody struc-
ture compared to traditional linkers. This increase in DAR
could lead to efficient ADC construction, minimal destabiliza-
tion of the antibody structure, and enhanced ADC efficacy. To
our knowledge, there have previously been only a handful of
examples of ADCs equipped with dual-loading linkers.?”°
A cysteine conjugation-based dual-loading linker enabling
modular payload installation was recently developed.*® Herein,
we demonstrate that branched cleavable ADC linkers can be
efficiently installed on a therapeutic monoclonal antibody by
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Fig.1 MTGase-mediated antibody—-drug conjugation using linear or
branched linkers. Azide-containing linkers are conjugated to the side
chain of Q295 of the IgG heavy chain using MTGase, followed by instal-
lation of the payload by a strain-promoted azide—alkyne cyclization to
afford an ADC with a DAR of 2 (linear linker) or 4 (branched linker).
MTGase, microbial transglutaminase.
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MTGase-mediated conjugation. This new strategy enables
modular installation of payload molecules and construction of
homogeneous ADCs with an increased DAR (Fig. 1). Upon
antigen recognition and internalization to target cancer cells,
the cathepsin B-responsive peptide sequences incorporated in
our branched linkers undergo lysosomal cleavage to liberate
two cytotoxic payloads per linker, leading to effective cell
killing.

Results and discussion

Assessment of cathepsin B-mediated cleavage of the branched
linkers

To identify the rational design of branched ADC linkers that
can release two payloads inside the target cancer cell, we syn-
thesized a series of linear and branched fluorescent probes
1-4 (Fig. 2 and Schemes S1-54, see ESIf for synthesis details).
These model linker units consisted of cathepsin B-cleavable
valine-citrulline (Val-Cit) with or without polyethyleneglycol
(PEG) spacers. This dipeptide sequence has been used in
many successful ADCs including the FDA-approved ADC
Adcetris®."® The sequence is stable in circulation but in lyso-
somes it undergoes cathepsin B-mediated cleavage, resulting
in the intracellular release of payload.*’ We also installed
tryptophan and 2,4-dinitrophenylethylenediamine (EdDnp) as
a fluorophore/quencher(s) pair, which is commonly used in
the Forster resonance energy transfer (FRET) assay. We
assessed the release of EdDnp from each synthetic model
linker unit in the presence of human cathepsin B (Fig. 2 and
S17). We found that the linear PEG (+) probe 2 released EdDnp
more efficiently than linear PEG () 1. Gratifyingly, the release
rate of the branched PEG (+) probe 4 was comparable to that of
the linear PEG (+) probe 2. In contrast, the branched PEG ()
probe 3 showed marginal release of EdDnp. We surmise that
the structural congestion of the branched probe 3 due to the
lack of PEG spacers prevents cathepsin B from accessing Val-
Cit moieties. These results clearly illustrate that the spacer is a
crucial component for retaining the high responsiveness of
the val-Cit containing linkers to cathepsin B-mediated clea-
vage, especially in the branched linker format.

Synthesis and conjugation of the branched linkers

With the rational linker design in hand, we set out to construct
ADCs containing branched linkers. First, we designed and syn-
thesized branched linkers 5-7 (Fig. 3). These linkers contained
(1) a lysine scaffold as a branching point, (2) PEG spacers, (3) a
primary amine for MTGase-mediated antibody-linker conju-
gation, and (4) two azide groups as reaction handles for the
following payload installation by the azide-alkyne click reac-
tion*? (vide infra). We constructed these linkers by sequential
amide couplings of each component (Scheme S51). The azide
and primary amine were spatially sequestered with PEG
spacers to minimize the steric congestion of the linker arms.
In addition, we envisaged that highly hydrophilic PEG spacers
could help reduce the hydrophobicity of the ADCs to be con-
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Fig. 2 Structures of fluorescent probes 1-4 containing tryptophan (fluorophore) and EdDnp groups (quencher) for the FRET assay (see the ESIf for
synthesis and assay detail). The Val-Cit sequences within probes 1, 2, and 4 underwent cathepsin B-mediated cleavage to release the EdDnp from

the probes whereas the cleavage of probe 3 was marginal.
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Fig. 3 Structures of branched linkers 5-7.

structed, which is crucial to prevent protein aggregation.*?
Indeed, PEG chains installed on the payload terminus or the
linker reportedly prevent ADCs forming non-covalent
oligomers.*®**

Next, we performed a conjugation of the branched linkers
synthesized to an anti-HER2 IgG1. In this study, we used an
engineered anti-HER2 monoclonal antibody (mAb) with a
mutation of the asparagine 297 of the heavy chain into alanine
(N297A), which was developed by our group.”” We have
reported that this mutation does not alter the HER2 binding

This journal is © The Royal Society of Chemistry 2017

profile of the anti-HER2 mAb.*® This mutation allowed us to
omit the removal of the N-glycan chain on the asparagine 297,
a required step for MTGase-mediated antibody-linker conju-
gation.’’ We attempted to install branched linkers 5-7 onto
the N297A anti-HER2 mAb according to the reported protocol
(linker: 80 equiv., antibody: 1.0 mg mL™', MTGase: 6.7 unit
per mg~' antibody).>! However, the conversion rates were
unsatisfactory (50-79%, entries 1-3 in Table 1 and Fig. S2 and
S37), resulting in mixtures of somewhat heterogeneous anti-
body-linker conjugates. The bulkiness of primary amine-con-
taining molecules often leads to low efficiency in MTGase-
mediated protein labeling.*® Indeed, Schibli and co-workers
used a simple linear linker for ADC construction to achieve
quantitative conversion.?" This finding made us recognize that
the reaction conditions needed to be optimized to attach our
bulky branched linkers to the N297A anti-HER2 mAb in an
efficient manner. Thus, we screened various reaction con-
ditions using the branched linker 5, the most reactive linker of
the three. We found that the amount of MTGase did not show
a significant impact on the conversion rate (entry 4). In con-
trast, a higher concentration of the N297A anti-HER2 mAb sub-
stantially improved the conjugation efficiency (entry 5). In
addition, increasing the amount of linker 5 turned out to be
effective for improving the conversion rate (entries 6 and 7).
We further examined various reaction conditions, and finally
found effective conditions enabling nearly quantitative conju-
gation (entries 8 and 9).

Incubation of the reaction mixture at 37 °C overnight
resulted in partial loss of the product probably due to protein
denaturing. Thus, we decided to perform the linker conju-
gation in the following sections at room temperature. The
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Table 1 MTGase-mediated antibody—branched linker conjugation
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Entry Linker (equiv.) Linker Antibody (mg mL ™) Temperature (°C) Conversion” (%)
1 80 5 1.0 37 79
2 80 6 1.0 37 52
3 80 7 1.0 37 50
44 80 5 1.0 37 77
5 80 5 2.0 37 86
6 200 5 2.0 37 90
7 400 5 2.0 37 90
8 400 5 6.2 37 >95°¢
9 400 5 6.2 r.t. >95
10 400 6 6.2 r.t. 94
11 400 7 6.2 r.t. >95

“MTGase (26.9 U mg~" antibody). ” Determined based on deconvoluted ESI-mass spectra. © After 3 h. Partial loss of the product was observed

after overnight incubation.

optimal reaction conditions also enabled highly efficient
conjugation of branched linkers 6 and 7 to the N297A anti-
HER2 mAb (entries 10 and 11). This success demonstrates that
the MTGase-based transpeptidation can efficiently conjugate
even bulky linkers to antibodies under optimal conditions. In
addition, this finding is encouraging because additional modi-
fications of linker structure may be adopted to fine-tune ADC
physicochemical properties and further increase DARs. Our
results also indicate that the MTGase-mediated transpeptida-
tion could be used more generally for various protein
modifications.

Payload installation by click chemistry and stability study

Finally, we coupled the N297A anti-HER2 mAb-branched
linker 5 conjugate obtained and the potent antimitotic agent
monomethyl auristatin F (MMAF), a relatively hydrophilic
payload frequently used in ADCs. We employed the strain-pro-
moted azide-alkyne cycloaddition (copper-free click reaction)*?
using the MMAF module 8 containing dibenzocyclooctyne
(DBCO), PEG spacer, Val-Cit, and p-aminobenzyloxycarbonyl
(PABC) (Fig. 4a). PABC was incorporated to allow for traceless
release of MMAF upon cathepsin B-mediated cleavage of
Val-Cit. The anti-HER2 mAb-linker 5 conjugate (4.0 mg mL™")
was incubated with DBCO-MMAF 8 (1.5 equiv. per reaction
site) in PBS/4% DMSO. The click reaction reached full com-
pletion within 1 h to give nearly homogeneous ADC 9 with an
average DAR of 3.9 (determined based on UV traces, Fig. 4b, c,
S4, and S5t). We also prepared two control ADCs in the same
manner: an N297A anti-HER2 mAb-MMAF conjugate contain-
ing linear linkers (linear ADC 10, DAR: 1.9)*" and an N297A
non-targeting IgG conjugated with MMAF through the
branched linker 5 (non-targeting branched ADC 11, DAR: 3.9).
The cleavable branched linkers installed on ADC 9 were
stable under physiological conditions; no significant degra-
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dation of the linkers was observed in human plasma at 37 °C
after 7 days, indicating that the DAR did not significantly
change during incubation (Fig. S7t). Furthermore, size-exclu-
sion chromatography (SEC) analysis revealed that ADC 9
existed predominantly in the monomer form (Fig. 4d). These
results support the validity of our linker design from a drug
development perspective.

It has been reported that N297Q mutated IgGs provide four
conjugation sites (Q295 and Q297 per heavy chain) for the
MTGase-mediated transpeptidation, enabling the installation
of four linear linker-payload modules to IgGs.>”*” Gratifyingly,
we found that the branched linker 5 could be installed on a
N297Q anti-HER2 mAb. Following click conjugation with
MMAF module 8 yielded a high-loading ADC with an average
DAR of 7.4 (Fig. S87). Although the obtained ADC contained a
small amount of lower DAR species, its homogeneity is higher
than general ADCs constructed by traditional lysine or cysteine
coupling. We believe that the optimization of the branched
linker structure and reaction conditions for N297Q mAb-based
conjugation will allow for the construction of highly homo-
geneous, higher DAR ADCs using our methodology. Such an
effort will be reported from our laboratory in due course.

Evaluation of the ADCs for antigen binding and cytotoxicity

We evaluated anti-HER2 ADCs 9 and 10 for binding affinity
and specificity to the HER2 in cell-based ELISA assays using
the human breast cancer cell lines SKBR-3 (HER2 positive) and
MDA-MB-231 (HER2 negative) (Fig. 5 and S9t). Branched ADC
9 showed a high binding affinity to SKBR-3, comparable to
those of linear ADC 10 and the parent N297A anti-HER2 mAb
(Kp = 0.98, 1.12, and 0.64 nM, respectively). In contrast, non-
targeting ADC 11 did not show HER-2 specific binding. None
of the ADCs bound to MDA-MB-231. These results demonstrate
that the branched linker-MMAF moieties within ADC 9 do not

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Synthesis and characterization of branched ADC 9. (a) Antibody-payload conjugation by strain-promoted azide—alkyne cyclization (copper-
free click reaction). (b) Deconvoluted ESI-mass spectra. Top panel: N297A anti-HER2 mAb. Middle panel: antibody—branched linker conjugate. An
antibody—-linker di-conjugate was the major product and a very small amount of mono-conjugate was detected. Bottom panel: antibody—MMAF
(yellow) conjugate 9. The click reaction afforded an ADC with a DAR of 4 as the major product and small amount of ADCs with lower DARs (2 and 3).
Asterisk (*) indicates a fragment ion derived from the DAR-4 product (see Fig. S671). (c) The reverse-phase HPLC trace (UV: 280 nm) of ADC 9. The
average DAR was determined to be 3.9 based on the peak areas of each DAR species. (d) The SEC trace (UV: 280 nm) of crude ADC 9 (before purifi-
cation). The small peak at 15.6 min is derived from high molecular weight proteins (protein aggregates), indicating that the monomer content of

ADC 9 is >99%.
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Fig. 5 Cell-based ELISA using the SKBR-3 (HER2 positive, left) and
MDA-MB-231 (HER2 negative, right) cell lines. The binding affinities of
unconjugated N297A anti-HER2 mAb (blue) and ADCs 9 (green), 10
(red), and 11 (gray) against HER2 were measured. All assays were per-
formed in triplicate. Error bars represent SEM and values in parentheses
are 95% confidential intervals. All antibodies tested except 11 showed
HER2-dependent cell binding.

This journal is © The Royal Society of Chemistry 2017

impact the antigen recognition and specificity. As previously
reported,® the conjugation site Q295 in the Fc moiety is
distant from the antigen recognition site in the Fab region,
allowing for the MTGase-based conjugation of linker—payload
components at this position without detrimental effects on the
antigen binding. Our
observation.

results are consistent with this

To investigate how the branched linker-based conjugation
influences cell killing potency, we tested ADCs 9-11 and the
parent N297A anti-HER2 mAb in cell-based assays using three
human cell lines with varying HER2 expression levels: SKBR-3
(HER2++), MDA-MB-453 (HER2+), and MDA-MB-231 (HER2-)
(Fig. 6). Branched ADC 9 (DAR: 3.9) exerted greater potency
than linear ADC 10 (DAR: 1.9) in SKBR-3 (ECs,: 0.36 nM and
0.83 nM, respectively) whereas non-targeting ADC 11 and the
unmodified N297A anti-HER2 mAb showed marginal cyto-
toxicity. The 2.3-fold difference between the ECs, values of
ADCs 9 and 10 was statistically significant (confirmed by the
extra sum-of-squares F test, p < 0.0001). In addition, the
maximum cell killing effect of ADC 9 (85% cell killing at 5.3
nM) was higher than that of ADC 10 (71% cell killing at 13.3
nM) with a statistically significant difference (Student’s ¢ test,
P < 0.005). We also observed the enhancement of ADC efficacy
in the moderately HER2-positive cell line MDA-MB-453; the

Org. Biomol. Chem., 2017, 15, 5635-5642 | 5639
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Fig. 6 The in vitro cytotoxicity of unconjugated N297A anti-HER2 mAb
(blue) and ADCs 9 (green), 10 (red), and 11 (gray). All assays were per-
formed in triplicate. Error bars represent SEM. Branched ADC 9 showed
the greatest cell killing potency both in SKBR-3 and in MDA-MB-453 of
the antibodies tested. None of the antibodies tested showed significant
cell killing in MDA-MB-231.

dose-response curve of branched ADC 9 clearly shifted
towards lower concentrations compared to that of linear ADC
10, resulting in ECs, values of 0.13 nM and 0.43 nM, respect-
ively. Although the standard deviation of the linear ADC 10 is
relatively large, we confirmed that the difference between
these ECj5, values was statistically significant (p = 0.01).

The observed lower ECs, values in MDA-MB-453 than those
in highly HER2-expressing SKBR-3 may indicate that
MDA-MB-453 is more sensitive to MMAF than is SKBR-3.
Indeed, it has been reported that the highest level of HER2
expression does not necessarily lead to a maximal HER2-tar-
geting ADC cell killing effect.*® As anticipated, all ADCs tested
showed no cytotoxicity to the HER2-negative MDA-MB-231.
Collectively, these results clearly demonstrated that the
increased DAR by our branched linker contributed to the
enhancement of the ADC efficacy without impairing the cell
binding and specificity of the parent antibody.

Conclusion

In this proof-of-concept study, we showed that hydrophilic
branched linkers containing a primary amine and two azide
groups could be efficiently installed on Q295 of an anti-
HER2 mAb using MTGase under optimized conditions. The
following click chemistry-based coupling of MMAF molecules
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afforded a nearly homogeneous ADC with a DAR of 3.9. The
branched ADC constructed was found to have high stability in
human plasma, high antigen binding, cell specificity, and
greater in vitro cell killing potency than the linear ADC with a
DAR of 1.9. Although we used only one mAb and one payload
in this study, the MTGase-mediated branched linker conju-
gation presented could potentially be used for constructing
various homogeneous ADCs given that the conjugation site
Q295 is in the Fc region which is conserved in all human IgG
isotypes and that a common antibody-branched linker conju-
gate prepared can be flexibly coupled with various payloads by
orthogonal click chemistry reactions. Testing with various
mAbs and payloads will reveal the applicability of our techno-
logy. In addition, testing of the prototype ADC constructed in
this study for in vivo pharmacokinetics, stability, and efficacy
will provide more detailed information to fine-tune the struc-
ture (e.g., length of the PEG spacers) and physicochemical pro-
perties of the branched linker-payload component toward
clinically relevant ADCs. Such an effort will be of crucial
importance to load more hydrophobic payloads than MMAF
(e.g., monomethyl auristatin E and maytansinoids) as high-
DAR ADCs containing hydrophobic payloads reportedly suffer
from aggregation as well as rapid clearance.”® Along with
optimization of the branched linker structure, the reported
methods for masking payloads using external long PEG chains
may help reduce such risks.*®**

As a more interesting approach, installing two different
reaction handles on the branched linker scaffold could enable
the facile construction of ADCs loading two different payloads
through click chemistry-based orthogonal couplings. Such a
heterologous loading strategy will yield ADCs with dual modes
of action, which is challenging to achieve with traditional
linear linkers in terms of ADC homogeneity. The dual-loading
ADC is an emerging format exemplified recently for combating
drug-resistant tumors.’® Altogether, the enzymatic ADC con-
struction using branched linkers is a promising strategy for
developing potent ADCs, which may lead to innovative cancer
therapeutics in the future.
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